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Abstract 
In this paper, a simple procedure to design a blast resistant wheel is presented. Finite element analysis is employed 
to provide preliminary evaluations on the blast resistance of the wheel; the issues of such work are analyzed and 
the results are shown in order to prove the validity of the proposed procedure. The analysis is carried out in order 
to avoid unnecessary experimental tests, without requiring a high computational burden. The method and the setup 
used can be adopted to design any blast resistant mechanical component intended to work under the same 
conditions. 
© 2013 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
The design of blast resistant mechanical components is not an easy task. It is not possible to provide simple 
models to describe the effect of the detonation of a given explosive on a mechanical structure, especially when its 
geometry is complex. To describe the effect of phenomena like a blast or a high velocity impact, it is not possible 
to use linear models: in fact, not only elastic deformations occur, but, especially, plastic deformations; more 
precisely, the behavior of the material depends not only on the load applied on it, but also on the strain rate. In 
particular, in the case of explosion, the temperature plays an important role as well. A further issue lies in the fact 
that the scientific literature does not provide sufficient information about the design of blast resistant mechanical 
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components; the results of previous works are available, but they are mainly referred to the design and/or the 
resistance of buildings (as presented in [1] and [2]) or other large structures [3]. In the case of the design of blast 
resistant wheels, there is a poor state-of-the-art: generally, vehicles which are intended to drive through minefields 
are equipped with tracks and they are generally oversized. An important contribute has been given by V. Joynt [4] 
and by Joynt et al. [5], who suggest how to exploit high velocity of speed materials to create blast resistant wheels, 
but such designs are aimed to protect the cabin of the vehicle and the on-board crew while the wheel suffers from a 
words, the design of any mechanical component strongly depends on the requirements that it must satisfy. This is 
particularly true for the work presented in this paper: the aim is to provide blast resistant wheels able to retain their 
mechanical integrity and intended to be mounted on a remotely controlled vehicle. Within the LOCOSTRA project, 
blast resistant wheels have been designed and tested, and the in-field experience has shown that their performances 
are satisfactory [6], but it has been also evident that the design still needed to be improved: in fact, they were 
oversized and, as consequence, their weight was relevant. Nevertheless, the results obtained by testing such wheel 
can be useful to develop a new design, since not only they lead to practical, easy considerations on the materials 
employed and on the geometry of the parts of the wheel, but they also provide necessary quantitative results that 
can be exploited to create a procedure for the design. 
As explained in the following, results related to the LOCOSTRA wheel (from now on, called L-wheel) can be 
used to stand the validity of finite element analysis, and once the correct procedure for the simulations is defined, it 
can be adopted to provide preliminary evaluations of the performances of several designs. The advantage of 
adopting such procedure is that unnecessary experimental tests can be avoided. This aspect is not negligible, since 
experimental tests on explosions must be performed in specialized areas and the presence of experts is required; for 
these reasons, such tests are expensive and time consuming. It is important to emphasize that simulations are not 
intended to substitute experimental tests, but only to provide a useful instrument to avoid relevant mistakes in the 
design such as the oversizing of the components.   
2. Previous works and improvement 
As already mentioned, the design presented in this paper is an update of a previous one, whose performances 
have already been tested in-field. As shown in the picture below, the L-wheel is composed of two parts: an outer 
part, made of steel, intended to protect an inner part, made of rubber.  
Fig. 1: (a) LOCOSTRA wheel mounted on ballistic pendulum for experimental tests, (b) CAD model of the outer part 
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The steel part is intended to protect the rubber one from the effect of the blast, in order to ensure that the wheel 
retains its structural integrity and that it is able to continue to carry out demining activities before any maintenance 
is needed. Moreover, since the steel is a higher acoustic speed material if compared to the rubber, when the 
shockwave reaches the interface between steel and rubber, a relevant amount of energy is reflected into the steel, 
while the remaining amount is transmitted to the rubber. 
The L-wheel is made of ASTM A283 steel and it is easy to manufacture: the flat parts shown in fig. 1.b are 
welded to the cylindrical component which is in contact with the rubber. Its total weight is 250 kg and its traction 
has been found satisfactory both on soft and hard ground. The L-wheel performed well during the tests and also 
during the in-field operations, but such system can still be improved in terms of weight and due to its geometry, the 
drive on hard soil is not comfortable. For these reason, in the context of the TIRAMISU project the design showed 
in the figure below has been conceived, according to simple considerations. 
 
Fig. 2: (a) CAD model of the steel part of the T-wheel, (b) detail of a part of the tread 
 
As it is possible to argue from the geometry, with such design the continuity of the contact between the wheel 
and the ground is ensured; moreover, the geometry of the parts composing the tread has been chosen to provide 
blast resistance and at the same time to reduce as much as possible the surface exposed to the products of the blast. 
The external diameter of the tread is 990 mm and the internal diameter is 660 mm; the latter has been adopted 
according to the external diameter of the solid rubber tire to be embedded in the steel part. The angle of bending 
for the component shown in fig. 2.b has been assigned equal 80° and the radius of bending is equal to 30 mm to 
facilitate the manufacture (a bigger value would have required bigger tools to manufacture it). The width of the 
sheet metal parts is 10 mm. Such size has been chosen for two reasons: first, 10 mm thick metal sheets are easily 
available on the market; second, for the L-wheel 20 mm thick steel sheets were employed, but the results of the 
experiments and the in-field use have shown that this is an unnecessary over sizing. Such choice will be better 
justified in the following. The width of the tread is 200 mm both for the L-wheel and for the new one. 
In summary, the aim of the work is to provide a simple design for a blast resistant wheel, easy to manufacture 
and easy to repair also in non-specialized workshops. Since the response of a system to the effect of a blast is not 
easy to study only by theoretical evaluations, the use of FEA simulations may be useful to avoid unnecessary 
experimental tests, which are expensive and time consuming. In other words, results obtained by FEA software can 
suggest further adjustments to the general design of the component, in terms of geometrical parameters or 
properties of the material employed. 
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The main issue, when using FEA simulations, is the reliability of the results: it might be affected by phenomena 
like shear and/or volumetric locking, or by poor quality of the mesh, or by unrealistic constraint conditions, etc.; 
this is particularly true in the case under investigation: since plastic deformations and failure may occur, the 
damage suffered by a mechanical component must be evaluated, and this is extremely different from performing a 
linear static analysis, notoriously very simple. In this case, in order to design the TIRAMISU wheel, the previous 
experience with the L-wheel has been exploited, performing FEA simulations on the L-wheel, and choosing the 
most suitable setup on the basis of the comparison between the results from the simulations and the real damage 
suffered from the L-wheel during the experimental tests. For the sake of convenience, in the following the 
TIRAMISU wheel will be called T-wheel. 
3. Setup for FEA simulations 
For the case under investigation, an explicit dynamics simulation has to be carried out: in fact, for phenomena 
as high velocity impacts or explosions, this kind of analysis is the most suitable. For first, the problem has to be 
simplified as possible. In some cases, the analysis of 3-dimensional systems can be carried out by recurring to 
equivalent 2-dimensional models, but this is not feasible for the work presented in this paper, due to the 
complexity of the geometry. Other necessary settings concern the mesh and the properties of the materials involved 
in the analysis which must be defined, in terms of plasticity, failure and shockwave propagation. As already 
mentioned, the outer part of the wheel is made of ASTM A283 steel.  
3.1. Properties of the materials: steel and TNT (trinitrotoluene) 
In order to simulate correctly the behavior of the outer part of the wheel in case of blast, models for plasticity, 
failure and propagation of shockwave must be provided. As already mentioned, the outer part of the wheel is made 
of ASTM A283 steel. For metals, subjected to large strains, high strain rates and high temperatures, the Johnson 
Cook strength model is a suitable choice to describe plasticity; for the same reasons, the Johnson Cook failure 
model has been adopted; the parameters for the steel for such models have been provided from [7]. As for what 
concern the propagation of shockwave, shock equation of state (EOS) linear parameters have been provided by the 
library of the FEA software. It is worthy to remark that shock EOS parameters only slightly depend on the kind of 
steel taken into account, since they depend on the Young modulus, on the shear modulus and on the density of the 
material, which are likely the same for any kind of steel. 
As for what concerns the explosive, TNT has been taken into account because the experimental tests on the L-
wheel were performed by using this explosive. The behavior of such material is described by the Jones- Wilkins-
Lee detonation model. For TNT, JWL equations are already implemented in the software and the parameters are 
already provided. 
Preliminary simulations on a very simple geometry (a sheet metal) subjected to the effect of the blast of a given 
mass of TNT have shown that if the distance between the detonation point and the body is small when compared to 
the size of the body, the presence of the air can be neglected. This cannot be considered a rigorous procedure, but  it 
is useful to reduce the computational efforts, provided that the interaction between the TNT and the mechanical 
component has been defined by the software. On the theoretical point of view, the choice of neglecting the 
presence of the air can be justified by reminding that for detonating explosives (such as TNT or any other 
explosive whose velocity of detonation is greater than 2000 m/s) the presence of a casing around the charge has a 
negligible influence of the effect of the blast; in this case, the layer of air can be regarded as a casing for the 
explosive, and then it can be removed from the model of the simulation.  
3.2. Mesh 
For explicit dynamics, a mesh composed of hexahedral elements is the most correct choice, but the 
computational burden can be reduced by recurring to different elements. The use of tetrahedral elements has been 
found satisfactory in many cases, but it is important to choose carefully the kind of integration. Generally, ANP-
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tetrahedra are employed because they do not suffer from volumetric locking and they exhibit a correct behaviour in 
case of plastic flow. CP-tetrahedra are generally employed as filler for hexahedral dominant meshes; on the 
contrary, it is not recommended to use CP-tetrahedra as the majority element of the mesh, since they exhibit 
locking behaviour. Nevertheless, in this case, both ANP and CP tetrahedral elements have been used in different 
simulations as main element of the mesh, in order to compare the results. The reason for this is that if the error 
generated by using CP integration might be acceptable to predict the behaviour of the wheel in case of blast, for the 
special purpose of this work. In fact, in minefields blasts may occur under very variable conditions, related to the 
kind and the size of the mine and the kind of soil; so, it is not necessary to obtain very accurate results. The 
advantage of using CP formulation is that it is certainly more efficient than ANP formulation. 
3.3. Analysis settings 
For dynamic simulations, the end time has to be set; the value assigned to this parameter heavily influences the 
time required to run the simulation, then it has to be chosen wisely. In this case, the end time has been assigned by 
taking into account the duration of the phenomenon under investigation. In fact, in case of explosion, such duration 
must depend on the duration of the positive phase of the blast, which can be evaluated with the following 
expression (see [8]), valid for TNT only: 
 
60.0013t M R         (1) 
 
where M is the mass of the explosive (expressed in kilograms) and R is the distance (in meters) between the 
centre of the charge and the point in which the pressure is measured. Since one of the experimental tests on the L-
wheel was performed with 240 g of TNT placed at 50 mm from the nearest point of the tread of the wheel, the end 
time of the simulation has been set equal to 5x10-4 s, to take into account the effect of the blast also on further 
points. 
4. FEA simulations on L-wheel  
According to what explained in the previous section, the CAD model of the T-wheel has been used to perform 
FEA simulations. In the figure below, the results obtained from the simulation and the ones of the experimental 
test are shown.  
Fig.3: (a) L-wheel after the detonation of 240 g of TNT, (b) equivalent plastic strain obtained by FEA, under the same conditions, in case of 
ANP integration and (c) CP integration for tetrahedral elements 
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As it is possible to verify, the plastic strain suffered from the wheel is the same; as a conclusion, the setup of the 
simulation can be considered acceptable and the results reliable. Figures 3.b and 3.c show the results obtained with 
ANP-tetrahedra and CP-tetrahedra, respectively. As one can see, the use of ANP-tetraedra seems to be the best 
choice, because the simulation carried out with this kind of formulation matches the experimental results better 
than the one with CP integration. This is the expected result, for the reasons explained before: by using constant 
pressure integration, the damage is not correctly estimated due to locking phenomena. 
In any case, the results of the simulations show that the portion of material which is closest to the detonation 
point is the most damaged part; a lesser plastic strain occurs in the two adjacent components, which suffer from the 
same damage due to the symmetry of the system. As already confirmed by the experimental tests, the plastic strain 
under consideration is not relevant and does not jeopardize neither the mechanical integrity of the wheel nor its 
capability to turn. 
5. FEA simulations on the T-wheel 
Since the simulations performed on the old design have provided satisfactory results, by assuming the same set 
of parameters further simulations are have been performed on the tread of the T-wheel, to predict the damage 
suffered in case of explosion. The procedure described above has been used to put in evidence any eventual 
oversizing of the tread or any critical feature whose geometry had to be modified.  
In fig. 4.a, the results on the T-wheel are shown for the design presented in section 2 but with a 15 mm thick 
steel parts.. Due to the effect of the blast, some elements of the mesh are subjected to failure, but the blast damages 
mainly only one element of the tread. Since the equivalent plastic strain is a scalar quantity, the system of reference 
is not shown in the figures below. 
 
Fig. 4: Equivalent plastic strain on the tread with (a) 15 mm and (b) 10 mm thick steel parts 
 
The total weight of the wheel depends on the thickness of its components; for this reason, the design has been 
slightly modified reducing the thickness of the parts of the tread from 15 mm to 10 mm. With the same settings, 
another simulation has been performed and the results are shown in fig. 4.b. 
Even reducing such thickness, the wheel still may be considered blast resistant, since for the explosion of 240 g 
of TNT only one segment is subjected to relevant plastic strain, and the wheel still retain its capability to turn. 
In order to further reduce the weight of the steel part, metal sheets whose thickness is equal to 5 mm can be 
employed to manufacture the tread. Of course, this choice leads to a loss of blast resistance. Another simulation 
has been performed to estimate how the performances of the wheel change if such modification is adopted. As 
shown in fig. 5, if steel sheets 5 mm thick are employed, the tread suffers from relevant damage, since the material 
is heavily subjected to failure and the part in contact with the ground exhibit relevant bending. For these reasons, 
the best choice is to use 10 mm thick steel sheets to manufacture the wheel. 
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Fig. 5: Equivalent plastic strain on the tread with 5 mm thick steel parts 
 
This choice can be better justified if one computes the average of the maximum plastic strain measured on the 
three elements of the tread which are closest to the detonation point. In fact, it is important to take into account not 
only the maximum plastic strain, but also the number of elements of the tread damaged from the blast. For the 
simulations carried out in this work, this number is equal to three; thus, the average of such three values can be 
used to evaluate the performances of the tread for a given thickness of the metal sheet employed. Obviously, this 
value increases as the thickness decreases, as shown in tab.1. 
     Table 1. Average plastic strain computed on three elements of the tread, for different thickness of the metal sheets 
Thickness of the 
steel parts [mm] 
Average plastic strain 
[mm/mm] 
5 1.6096 
10 1.1856 
15 1.1395 
20 1.0800 
 
The trend described by the data in the previous table is well represented by the equation of the equilateral 
hyperbola: 
 
kYyXx  
 
where 8673.2X , 0047.1Y and 2900.1k . The curve is shown in the figure below. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6: mean value of the maximum plastic strain on the three elements of the tread closest to the detonation point as a function of the 
thickness of such elements (in red) and data listed in tab. 1 (in black). 
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It is worth mentioning that to increase the thickness for values greater than 15 mm does not lead to relevant 
advantage in terms of blast resistance. On the contrary, it has been seen that for values smaller than X (which is 
related to the vertical asymptote of the curve) the system suffers from relevant failure; on a mathematical point of 
view, such behaviour can be described by remarking that the limit of the function as the thickness approaches X is 
 negative values of the plastic strain. 
It is obvious that the setup adopted for these simulations can be used to test the blast resistance of any 
mechanical component whose geometry is too complex to recur to 2-dimensional models. It is important, however, 
to emphasize that the exposed procedure is valid under the presented conditions; the presence of air is not always 
negligible, as well as the presence of the casing containing the charge. It is remarkable, moreover, the fact that it is 
not always easy to provide the correct set of parameters to describe the behaviour of the materials in terms of 
plasticity and failure, since they are calculated by experimental tests and in the case of many materials they are not 
provided by the literature. 
6. The inner part of the wheel 
As already mentioned, the inner part of the L-wheel is a solid rubber tire. Previous tests have shown that such 
tire performs better than an inflated tire [6] but the performances can still be improved by recurring to compound 
materials: high acoustic speed materials can be used to dissipate a part of the energy transferred from the ground to 
the vehicle. In particular, glass fibers can be employed to create a compound material with rubber. In case of blast, 
the amount of energy transferred to the rubber reaches the class fibers, which are intended to break, with a 
consequent dissipation of energy. To achieve desirable performances, the length of the fibers must be around 100 
μm: in fact, in [9] it is shown that particles whose size is around 50 μm can be employed to improve the 
performances of the material and in [10] glass microspheres with diameter in the range 10÷100 μm are used as 
filler in a matrix in silicon-rubber.  
It is evident that the adoption of this kind of solution leads to the use of a system which can stand only a limited 
number of explosions. In fact, the size of the fibers is progressively reduced after each explosion, and when their 
dimension is of the same order of magnitude of the particles of the rubber, they simply transmit the shockwave and 
do not break further. Nevertheless, the use of this kind of compound materials can be very useful if the wheel is 
intended to resist to a limited number of blasts. On the mechanical point of view, after such number of blasts has 
occurred, the system has lost its primary ability and it can be further used as a common solid rubber tire. 
7. Conclusions 
An easy procedure to design a blast resistant wheel has been provided. FEA simulations have been carried out 
and the results have been shown, in order to suggest the simplest settings to adopt without losing the reliability of 
the model. Theoretical evaluations on the phenomenon under investigation have been taken into account and the 
properties of the method adopted have been discussed. The validity of the procedure explained is confirmed by 
recurring to previous experimental results related to a different geometry of the tread of the wheel.  The procedure 
presented in this paper can be used to design any blast resistant mechanical component. 
Experimental tests on the proposed design will be carried out and the results will be shown in further works. 
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